Introduction
============

Chronic obstructive pulmonary disease (COPD) is characterized by narrowing of small conducting airways and chronic changes in lung parenchyma which develop over many years.[@b1-bmi-7-2012-119] Idiopathic pulmonary fibrosis (IPF) is a progressive interstitial lung disease characterized by fibroblast proliferation and extracellular remodeling.[@b2-bmi-7-2012-119],[@b3-bmi-7-2012-119] Common to both diseases is the highly altered interaction between fibrogenesis and fibrolysis leading to functional impairment of the lungs. Fibrosis of the lungs is seen as increased deposition and abnormal distribution of extracellular matrix (ECM) components such as collagens, elastin and proteoglycans. The turnover rate of type I and III collagen in particular is changed significantly[@b4-bmi-7-2012-119]--[@b6-bmi-7-2012-119] in fibrotic lungs, leading to excessive remodeling and accumulation of structural proteins.

The fibril-forming type I collagen is the most abundant in the lung[@b7-bmi-7-2012-119] and is mainly found together with type III collagen, the second most abundant collagen type. Together they provide the structural framework of the alveolar wall, pulmonary blood vessels, visceral pleura and the connective tissue sheaths that surround the tracheobronchial tree.[@b8-bmi-7-2012-119],[@b9-bmi-7-2012-119] Type III collagen is correlated to extensibility of tissues and may contribute to elasticity, a property that is uniquely connected to this type of collagen.[@b10-bmi-7-2012-119] The most abundant non- fibrillar collagen of the lung is type IV collagen which is present in the basement membrane (BM) of tissue.[@b11-bmi-7-2012-119] It provides the blood-air barrier with tensile strength and prevents stress failure of the pulmonary capillaries under normal conditions.[@b12-bmi-7-2012-119] Other types of collagens, such as type V and VI, are present to a smaller extent, and are important in processes such as collagen fibril assembly and adhesion.[@b13-bmi-7-2012-119]--[@b15-bmi-7-2012-119] All of these collagens are aggressively remodeled during pulmonary fibrosis,[@b16-bmi-7-2012-119] and the peptide fragments released systemically during their degradation may serve as potential markers of lung tissue turnover.

Lack of sensitive parameters of lung injury and lung tissue destruction makes short-term evaluation of lung diseases difficult. To assess impaired lung function, computed tomography analysis and biochemical measurements of ECM degradation have been described as tools.[@b17-bmi-7-2012-119] The pathogenesis of lung diseases such as COPD and IPF involves an inflammatory response,[@b1-bmi-7-2012-119]--[@b3-bmi-7-2012-119] and the activation of macrophages partly mediates tissue turnover by the secretion of signature proteases, including matrix metalloproteinase (MMP)-9 and -12,[@b2-bmi-7-2012-119],[@b3-bmi-7-2012-119],[@b18-bmi-7-2012-119],[@b19-bmi-7-2012-119] as well as other MMPs and a disintegrin and metalloproteinase with thrombospondin motifs (ADAMTSs).[@b20-bmi-7-2012-119] To date, the lack of sensitive parameters of lung injury and lung tissue destruction makes shortterm evaluation of lung diseases difficult. Reported tools for the assessment of impaired lung function are computed tomography analysis and biochemical measurements of ECM degradation.[@b17-bmi-7-2012-119] The most promising serological markers of fibrotic pulmonary diseases are desmosine and isodesmosine, two molecules involved in elastin cross-linking;[@b17-bmi-7-2012-119] Krebs von den Lungen 6 antigen (KL-6), a high molecular weight glycoprotein expressed on the surface of alveolar epithelial cells and released as a response to injury, proliferation or stimulation;[@b21-bmi-7-2012-119] CC-chemokine ligand 18 (CCL18), highly expressed in the lungs and a marker of the alternative macrophage activation seen in fibrotic lungs;[@b22-bmi-7-2012-119] and finally serum surfactant proteins A (SP-A) and D (SP-D), C-type lectins which are only expressed in the lungs and are produced by alveolar epithelial cells, the number of which increase with the exacerbation of fibrosis.[@b23-bmi-7-2012-119] All of these markers, however, are in need of better validation, and there is still a lack of non-invasive markers of lung fibrosis.[@b24-bmi-7-2012-119],[@b25-bmi-7-2012-119]

MMPs and ADAMTSs have been associated with collagen degradation and respiratory diseases.[@b18-bmi-7-2012-119]--[@b20-bmi-7-2012-119],[@b26-bmi-7-2012-119] Collagen degradation fragments may be released into the circulation and potentially assessed systemically as markers of collagen degradation. Such protein fragments, referred to as neoepitopes or protein fingerprints,[@b27-bmi-7-2012-119],[@b28-bmi-7-2012-119] have proven to be more accurate than their unmodified intact protein of origin in detecting and quantifying certain pathophysiological processes assessed by standard technologies.[@b29-bmi-7-2012-119] As an example, fragments of types III, IV and VI collagen generated by MMPs have been shown to be markers of generalized and liver fibrosis.[@b30-bmi-7-2012-119]--[@b33-bmi-7-2012-119] while fragments of type II collagen degradation by MMP-9 have been demonstrated to be markers of osteoarthritis and rheumatoid arthritis.[@b34-bmi-7-2012-119] An assay for the assessment of type I collagen fragments generated by cathepsin K has already been approved by the US Food and Drug Administration for monitoring bone resorption.[@b29-bmi-7-2012-119]

The current hypothesis was that MMP-mediated fragments of types I, III, IV, V and VI collagen and fragments of ADAMTS-mediated degradation of type III collagen had diagnostic power when assessed in serum of patients with the respiratory diseases COPD or IPF.

Materials and Methods
=====================

Patient samples
---------------

Serum was collected from patients diagnosed with COPD (n = 10) or IPF (n = 30), and healthy controls (n = 15). The COPD and IPF serum samples were obtained as a part of the "lung tissue research consortium" ([www.ltrcpublic.com](www.ltrcpublic.com)) and were de-identified. Forced expiratory volume in one second (FEV~1~) and forced vital capacity (FVC) readings were obtained from patients and controls and also de-identified. IPF patients were divided into 3 groups according to their FVC: mild (FVC \> 80%), moderate (FVC = 50%--80%) or severe (FVC \< 50%). All COPD patients had a FEV~1~ \> 80% defined as mild COPD.

ELISA procedure
---------------

Fasting serum samples were collected from patients and healthy controls and stored at −80 °C until assayed. Levels of the MMP-degraded types I, III, IV, V and VI collagen marker (C1M,[@b35-bmi-7-2012-119] C3M,[@b31-bmi-7-2012-119] C4M,[@b32-bmi-7-2012-119] C5M[@b36-bmi-7-2012-119] and C6M,[@b33-bmi-7-2012-119] respectively) and ADAMTS-4-degraded type III collagen (C3A, unpublished) marker were assessed in the collected serum samples. Briefly, each marker was run on a 96-well streptavidin plate coated with the appropriate biotinylated synthetic peptide dissolved in an optimized assay buffer and incubated for 30 minutes at 20 °C. 20 μL of peptide calibrator or sample was added to appropriate wells, followed by 100 μL of a conjugated monoclonal antibody raised against the specific sequence of interest. This was incubated for 1 hour or overnight at 4 °C or 20 °C, depending on the individual assay. Finally, 100 μL tetramethylbenzinidine (TMB) (Kem-En-Tec cat.438OH) was added and the plate was incubated for 15 minutes at 20 °C in the dark. All the above incubation steps included shaking at 300 rpm. After each incubation step the plate was washed five times in washing buffer (20 mM Tris, 50 mM NaCl, pH 7.2). The TMB reaction was stopped by adding 100 μL of stopping solution (1% HCl) and measured at 450 nm with 650 nm as the reference. A calibration curve was plotted using a 4-parametric mathematical fit model.

Statistical analysis
--------------------

The serum levels of the individual biochemical markers in healthy controls and each patient group were compared by non-parametric Mann-Whitney *t*-test for two-tailed observations, and are presented as box plots indicating the 5th and 95th percentiles. Area under the receiver operating characteristic (AUROC) was calculated for each biochemical marker. All statistical analyses were performed using Graph Pad Prism software v.5 (Graph Pad S oftware, San Diego, CA). *P* values less than 0.05 were considered significant.

Results
=======

Connective tissue degradation
-----------------------------

Fragments of types I, III, V and VI collagen degradation by MMPs were significantly elevated in the serum of both COPD and IPF patients versus healthy controls, as presented in [Figure 1](#f1-bmi-7-2012-119){ref-type="fig"}. C1M, C3M, C3A, C4M, C5M and C6M were all significantly elevated in mild COPD compared with controls, (*P* \< 0.05--0.01 and up to \>189% for C1M). C1M, C3M, C5M and C6M were all highly elevated in all severity groups of IPF patients compared with controls, (*P* \< 0.05--0.0001, and up to ≥133% for C3M). Interestingly, the C3A and C4M markers were not elevated in any of the IPF patient groups.

Diagnostic power
----------------

The power of the individual markers to discriminate between disease and healthy controls was calculated by the AUROC and presented in [Table 1](#t1-bmi-7-2012-119){ref-type="table"}. The three groups of IPF patients were combined for these calculations, since the markers were not able to differentiate severity in IPF patients. The diagnostic powers of C1M, C3M, C5M and C6M were highly significant with an AUROC \> 85% (*P* \< 0.0001). C4M and C3A presented an AUROC \> 89% for COPD patients versus controls (*P* \< 0.01), but was unable to distinguish between IPF patients and controls. The best discriminators between mild COPD and controls were C1M (AUROC = 0.94, *P* \< 0.0001), C3M (AUROC = 0,95, *P* \< 0.0001), and C5M (AUROC = 0.95, *P* \< 0.0001). The most reliable differentiation between IPF and controls was observed using C1M (AUROC = 0.90, *P* \< 0.0001) and C3M (AUROC = 0.93, *P* \< 0.0001).

Discussion
==========

To our knowledge, this is the first study investigating the serological profile of collagen turnover in fibrotic lung diseases. We tested a range of novel ECM degradation serum markers in patients with COPD or IPF and in healthy controls. Interestingly, significant differences in marker levels were seen between healthy and disease-affected individuals, and also between the two lung diseases. The markers of ECM degradation provided diagnostic information and suggest that tissue degradation is highly elevated in patients with mild COPD and mild to severe IPF. C1M, C3M, C5M and C6M showed highly statistically significant power to discriminate between IPF and mild COPD patients versus healthy individuals, while C4M and C3A were only able to diagnose COPD patients. The fact that four out of six collagen degradation markers were able to detect even a mild form of IPF is interesting, since it is this patient group that will benefit the most from a diagnosis. These preliminary findings need to be validated in larger clinical settings. This study, although the first and small, has identified collagen turnover markers with the potential to separate healthy individuals from COPD and IPF patients. In future these markers may assist in the identification of patients that are fast progressers and may respond to a given intervention.

Endopeptidases play a major role in the degradation of ECM proteins such as collagens and proteoglycans.[@b26-bmi-7-2012-119],[@b37-bmi-7-2012-119],[@b38-bmi-7-2012-119] MMP-2 and -9, in particular, have been shown to be highly up-regulated in connective tissue diseases leading to fibrosis.[@b39-bmi-7-2012-119]--[@b41-bmi-7-2012-119] A wide range of ADAMs/ADAMTSs are expressed in the lung[@b42-bmi-7-2012-119] and many have been associated with different respiratory diseases such as COPD, IPF and asthma.[@b20-bmi-7-2012-119] COPD has been coupled with changes in ADAM-33, ADAM-17, and ADAMTS-4 expression,[@b43-bmi-7-2012-119]--[@b45-bmi-7-2012-119] while only a weak association has been observed for a few ADAMs/ADAMTSs in IPF.[@b46-bmi-7-2012-119] The C3A marker showed elevated levels of ADAMTS-4-mediated degradation of type III collagen in COPD but not IPF patients. This finding is in agreement with previous experiments showing that ADAMTS-4 is up-regulated in COPD while there is no evidence of a relationship in IPF.[@b45-bmi-7-2012-119],[@b46-bmi-7-2012-119] This highlights that the differences in the pathological processes and the proteases involved in these two diseases result in distinct tissue turnover profiles.

Fibrotic lungs have an overall increased ECM turnover rate, but the normal balance between formation and degradation is changed, leading to increased deposition and increased degradation. The change in remodeling balance is not the same for different types of collagen; a key feature is the increased deposition and degradation of type I collagen in pulmonary fibrosis.[@b4-bmi-7-2012-119],[@b5-bmi-7-2012-119],[@b47-bmi-7-2012-119] This is in line with our C1M results showing significantly elevated levels in both patients with mild to severe IPF and mild COPD and thus indicating an increased degradation of type I collagen. Contradictory results have been published in relation to type III collagen deposition in pulmonary fibrosis, demonstrating that both up---and down-regulation of type III collagen occurs.[@b4-bmi-7-2012-119]--[@b6-bmi-7-2012-119] The serum C3M data presented here suggest an increased type III collagen degradation level in both IPF and mild COPD, indicating a high level of formation of type III collagen as well. Indications of a decreased content of type V collagen in fibrotic rat lungs have been presented.[@b48-bmi-7-2012-119] However, Parra et al demonstrated that type V collagen levels in biopsies from IPF patients increased with disease severity,[@b49-bmi-7-2012-119] supporting an increased degradation of deposited type V collagen indicated by our C5M data. Type IV and type VI collagen expression, as well as protein levels, have been reported to be elevated in lung tissue of patients with COPD[@b50-bmi-7-2012-119] and IPF,[@b51-bmi-7-2012-119] further supporting the findings of our biochemical marker study.

Desmosine, isodesmosine, KL-6, CCL18, SP-A and SP-D have all been extensively discussed as serological markers of pulmonary diseases.[@b17-bmi-7-2012-119],[@b21-bmi-7-2012-119]--[@b23-bmi-7-2012-119] However, none of these markers have demonstrated optimal sensitivity and diagnostic value. Thus, more sensitive and accurate biochemical markers are needed for fibrotic lung diseases. Stratification of patients with pulmonary fibrosis is most likely not feasible using a single marker since would require a marker specific for a protein only expressed during lung fibrosis. A panel of markers reflecting different pathophysiological processes involved in pulmonary fibrosis during the two different diseases will almost certainly be required for diagnosis, prognosis and assessment of the efficacy of interventions.

The systemic level of a biochemical marker is the sum of all tissue sites generating this one fragment, and also depends on the extent of disease- affected tissue, the aggressiveness of the disease and the protein specificity of the fragment. This was elegantly investigated by Meulenbelt et al[@b52-bmi-7-2012-119] who demonstrated that the level of a MMP-generated fragment of the signature protein of cartilage, type II collagen, was correlated to the number of affected joints in osteoarthritis. Collagen expression is not restricted to the lung tissue, but is found ubiquitously throughout the body. Thus, several co-morbidities may influence the systemic level of fragments produced by MMP degradation of collagen molecules. Further investigations are needed to determine the individual contribution of different tissues to the total pool of collagen neoepitopes.

There are several limitations with the current study. The sample size was very small, and thus the findings are preliminary. The lack of information available for patients does not allow for further analysis and correlation with clinical parameters. Furthermore, this is a cross-sectional study and the prognostic value of the biomarkers could not be validated.

In conclusion, by using protein fingerprint technology, we have developed assays measuring novel biochemical markers which enable us to assess peptides generated during degradation of collagens in pulmonary fibrosis. These markers were able to distinguish between healthy controls and patients with mild COPD and/or IPF in a small clinical population. The collagen degradation markers demonstrated promising discriminative diagnostic power and may provide an improved tool for identification of those patients most in need of treatment, as well as for monitoring potential efficacy of interventions. These data need to be validated in larger clinical settings.
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![Biochemical markers of collagen degradation as measured by six different ELISAs. Levels of the markers reflecting types I (C1M), III (C3M), IV (C4M), V (C5M) and VI (C6M) collagen degradation by MMPs, as well as fragments of type III collagen degraded by aggrecanase (C3A), were measured in serum of patients with mild (n = 10), moderate (n = 10) and severe (n = 10) IPF, mild COPD (n = 10), and healthy controls (n = 15).\
**Notes:** Patient groups were compared with healthy controls using the non-parametric Mann-Whitney test, and results are presented as box plots. The boundaries of each box indicate the 25th and 75th percentiles, the line within the box marks the median, and the whiskers indicate the 5th and 95th percentiles. Significance levels: \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001.](bmi-7-2012-119f1){#f1-bmi-7-2012-119}

###### 

Area under the receiver operating characteristic (AUROC) for biochemical marker levels in healthy controls vs. IPF and COPD.

  Comparison   AUROC    Std. error   *P* value
  ------------ -------- ------------ -------------------------------------------------------------
  C1M                                
   IPF         *0.90*   0.05         \<0.0001[\*\*\*](#tfn4-bmi-7-2012-119){ref-type="table-fn"}
   COPD        *0.94*   0.05         \<0.0001[\*\*\*](#tfn4-bmi-7-2012-119){ref-type="table-fn"}
  C3M                                
   IPF         *0.93*   0.03         \<0.0001[\*\*\*](#tfn4-bmi-7-2012-119){ref-type="table-fn"}
   COPD        *0.95*   0.04         \<0.0001[\*\*\*](#tfn4-bmi-7-2012-119){ref-type="table-fn"}
  C4M                                
   IPF         *0.59*   0.09         0.36
   COPD        *0.89*   0.07         0.0018[\*\*](#tfn3-bmi-7-2012-119){ref-type="table-fn"}
  C5M                                
   IPF         *0.85*   0.05         \<0.0001[\*\*\*](#tfn4-bmi-7-2012-119){ref-type="table-fn"}
   COPD        *0.95*   0.03         \<0.0001[\*\*\*](#tfn4-bmi-7-2012-119){ref-type="table-fn"}
  C6M                                
   IPF         *0.86*   0.05         \<0.0001[\*\*\*](#tfn4-bmi-7-2012-119){ref-type="table-fn"}
   COPD        *0.90*   0.06         \<0.0001[\*\*\*](#tfn4-bmi-7-2012-119){ref-type="table-fn"}
  C3A                                
   IPF         0.52     0.08         0.78
   COPD        *0.82*   0.11         0.0049[\*\*](#tfn3-bmi-7-2012-119){ref-type="table-fn"}

**Notes:** AUROC \> 80% are highlighted in *italics*. Significant separation of controls and patients is indicated by asterisks. Significance levels:

*P* \< 0.05,

*P* \< 0.01,

*P* \< 0.001.
